A simple and successful design of a printed aperture antenna array is presented in view of high-speed millimetre-wave wireless access applications. The antenna element design is based on a broadband travelling-wave aperture antenna for circularly-polarised radiation. For the antenna array design, the sequential rotation scheme is employed for improving the co-polarised gain and axial ratio. The presented antenna array is designed in the 40 -48 GHz band and implemented with a 5mil-thick RT/Duroid-5880 PCB. Promising performances are achieved, including a return loss (,10 dB) bandwidth of 32%, an axial ratio (,3 dB) bandwidth of 25%, and a co-polarised gain (flatness , 3 dB) bandwidth of 32% with a maximum gain of 11dBic.
Introduction: In recent years, there have been a variety of wireless communication applications aiming to utilise millimetre-wave (MMW) frequencies for broadband radio links. In particular, the increasing demands for high-speed (with data rates .1 Gbit/s) transmission in the short-range MMW wireless personal area network (WPAN) have grown rapidly in the past few years [1, 2] . Associated with these applications is the need for a directive, broadband, and low-cost antenna that can be easily integrated with the MMW circuitry of a transceiver module/packaging [3] . To fulfil all these requirements, the MMW antenna design has become a key component in system implementation.
Several printed MMW antenna designs have been studied and reported in the literature recently. In [4] , a linear array of aperture coupled stacked patch antennas with reflector patches is proposed for improving the front-to-back ratio and gain level for Ka-band LMDS wireless applications. Another approach [5] is using a broadband folded dipole array to directly integrate with MMW transceiver ICs for 60 GHz WPAN applications. However, in these studies, the antennas are designed for linear polarisation, which necessitates rotating the transmitting and receiving antenna properly for polarisation matching, particularly in the case of the line-of-sight (LOS) radio link. Therefore, a circularly-polarised antenna is desirable in view of MMW wireless access applications.
In this Letter we present the design and implementation of a broadband circularly-polarised aperture antenna array for MMW wireless applications. The presented antenna array has following features: 1. the low-cost planar PCB design suitable for mass production, 2. the simple microstrip-fed design for easy interfaces, 3. the cavity-backed design for the unidirectional patterns, and 4. the broadband capability for high-speed MMW wireless applications.
Antenna structure and design concept: Fig. 1 shows the configuration of the presented antenna with the co-ordinate systems and design parameters. A circular aperture of diameter D a is etched out from the ground plane of a PCB. Above the aperture is a tapered strip fed by a microstrip transmission line printed on the opposite side of the PCB. The tapered strip is designed with a curved shape formed by two equiangular curves, C 1 and C 2 , written as the following equations in polar co-ordinates
where a and b are shrinking coefficients of curve C 1 and C 2 , respectively, and t is the initial width of the tapered strip at the input point. The metal strip is exponentially tapered and extended towards the centre of the aperture with a terminated angle, denoted by f e . As described in the prior research [6] , the aperture antenna generates right-handed circularly-polarised waves with bidirectional patterns. In this Letter, the antenna is further developed with a backed cavity for generating unidirectional patterns. The cavity is specified by a diameter D c and height H c . The simulation of the design work is conducted with a full-wave electromagnetic simulator [7] . The proposed antenna design is illustrated with the right-handed circular polarisation (RCP) in the 40 -48 GHz band. The prototype is implemented with an RT/Duroid-5880 PCB with the dielectric constant of 2.2, loss tangent of 0.0009, and thickness of 5mil. Fig. 2 shows the configuration of the experimental 2 Â 2 array using the aforementioned aperture antennas for radiating elements. The antenna elements are spaced at 6 and 7 mm along x-and y-axis, respectively. They are also sequentially rotated 908 counter-clockwise (for RCP sense). A corporate feeding network is devised to excite each rotated element with the phase sequentially delayed by 908. This sequential rotation scheme had been proven an effective technique for improving the axial ratio of a circularlypolarised antenna array [8] . The corporate feeding networks are designed with sequential phased and impedance transformation. From the extensive simulation, the optimised dimensions of the aperture antenna are obtained with a ¼ 0.
, and H ¼ 2mm. Once the aperture antennas and feeding networks are printed on the PCB, it is then placed on top of a metal fixture with embedded machined cavities. Finally, a 50V V-connector (1.85 mm) with a glass bead is connected to the input port for measurements. The measured and simulated return loss of the developed 2 Â 2 antenna array is shown in Fig. 3 . The measured 10 dB return loss bandwidth is about 32% (38 to 52 GHz). Note that the measurements agree with the simulation results in that the 1.85 mm V-connector is included. Fig. 4 shows the measured and simulated radiation patterns of the developed 2 Â 2 array in two elevation cuts (xz-and yz-plane) at 44 GHz. The co-polarised (RCP) gain at zenith is about 11dBic with a front-to-back ratio about 25 dB. Fig. 5 shows the measured and simulated frequency response of the RCP gain and axial ratio observed at zenith (z-axis). The 3 dB axial ratio bandwidth is found to be better than 25% (out of scope). The measured RCP gain at zenith has a half-power (3 dB) gain bandwidth better than 32% with maximum gain of 11dBic. Conclusion: In this Letter, a broadband microstrip-fed circularlypolarised aperture antenna array is presented. The proposed antenna array is characterised of wide bandwidth, high gain, and low manufacturing cost. The broadband characteristics of the antenna array are achieved in terms of the return loss bandwidth, the axial ratio bandwidth, and the gain bandwidth. All these good performance make it a good candidate for high data-rate MMW wireless applications.
